It is not well appreciated that nutritional status can modulate apoptosis, a process that eliminates unwanted or damaged cells. Choline is an essential nutrient, and its absence induces apoptosis. When PC12 cells were cultivated in a choline-free medium, apoptosis was induced (27.4% of cells apoptotic at 72 h as compared to 4.4% in control medium). In choline-free medium at 72 h, there was a 49% decrease in phosphatidylcholine concentration (Põ0.01) and a 34% decrease in sphingomyelin concentration (Põ0.01); however, there was no change in phosphatidylethanolamine concentration. Before detecting increased apoptosis in choline-deficient cells, we measured a significant increase in ceramide (218% control) and diacyglycerol (155% control) concentrations. The addition of a cell-permeable ceramide to cells in control medium induced apoptosis; however, adding a cell-permeable diacyglycerol did not induce apoptosis. Caspase is a common mediator of apoptosis, and choline deficiency-induced apoptosis was prevented completely by replacing choline or adding a caspase inhibitor into the medium within 48 h of initial choline deprivation. In those cells rescued by replacing choline at 36 h, the concentrations of phosphatidylcholine, sphingomyelin, ceramide, and diacyglycerol returned to levels of control cells. In those cells rescued by adding a caspase inhibitor at 36 h, the concentrations of sphingomyelin and ceramide returned to control levels, but the concentrations of phosphatidylcholine and diacyglycerol did not return to normal. We propose that availability of dietary factors (choline in this model) can modulate apoptosis. Mechanisms that we identify using this model may help us to explain why dietary choline influences brain development.-Yen, C.-L. E., Mar, M.-H., Zeisel, S. H. Choline deficiency-induced apoptosis in PC12 cells is associated with diminished membrane phosphatidylcholine and sphingomyelin, accumulation of ceramide and diacylglycerol, and activation of a caspase. FASEB J. 13, 135-142 (1999) 
APOPTOSIS IS AN intrinsic cell suicide program that eliminates unwanted or damaged cells (1) . In addition to its essential role in embryogenesis, a number of significant human diseases, including cancer, neurodegenerative diseases, and AIDS, are associated with abnormally regulated apoptosis (2) . Little attention has been given to the role of nutrients in regulating apoptosis. As an example of nutrient-apoptosis interactions, we report the effects of the nutrient choline on the induction and progression of apoptosis.
Apoptosis has been defined morphologically (3) . Cells undergoing apoptosis are recognized by characteristic features such as cell shrinkage and nuclear fragmentation (4, 5) . When DNA is resolved by electrophoresis, apoptotic cells often show 'DNA laddering' that results from internucleosomal DNA cleavage, which is considered the hallmark of apoptosis (6) . Apoptosis proceeds in three phases: induction, signal cascade modulation, and commitment with activation of an execution pathway, which may involve a family of cysteine proteases (caspases) (7) and an endonuclease (8) .
Choline is an important nutrient for the normal function of all cells, and the Institute of Nutrition of the National Academy of Science recently concluded that dietary choline is essential for humans (9) . Choline is the major source of methyl groups in the diet, as well as a major component of phospholipids and a precursor of the neurotransmitter acetylcholine (10) . Choline deficiency induces apoptosis both in vitro and in whole animals (11, 12) . However, the mechanisms for choline deficiency-induced apopto-sis are not known. It is unlikely that methyl deficiency is the critical mechanism since apoptosis is induced in choline-deficient cells even when methyl group availability is more than adequate (13) .
The choline-containing phospholipids phosphatidylcholine (PtdCho) 2 and sphingomyelin (SM) are not only the major structural components of cell membranes but are also reservoirs of the lipid second messengers diacylglycerol (DAG) and ceramide (Cer) (14) . The metabolic pathways of these cholinephospholipids and second messengers are interrelated. For example, in the cytidine diphosphocholine (CDP-choline) pathway, the predominant pathway for PtdCho biosynthesis, choline is converted to CDPcholine, which combines with DAG and generates PtdCho (10) . In addition, the last step of SM biosynthesis involves the transfer of a phosphocholine head group from PtdCho to Cer (15) .
Studies over the past few years have established that the levels and/or balance between lipid second messengers, including DAG and Cer generated from hydrolysis of PtdCho and SM, modulate signal transduction pathways, including those regulating cell growth, differentiation, and apoptosis (8, 16, 17) . Since DAG and Cer are both synthesis intermediates and breakdown products of choline phospholipids, we hypothesized that deprivation of choline perturbs choline phospholipid metabolism, altering lipid second messenger levels and inducing apoptosis.
Choline deficiency is of special interest with regard to neurons because, in the rat, supplemental choline during pregnancy results in lifelong enhancement of hippocampal function in offspring (18) (19) (20) (21) (22) , and the rate of apoptosis in fetal hippocampus is inversely related to the dietary choline intake of the rat dam (12) . In this paper we explore the mechanisms underlying choline deficiency-induced apoptosis using a 'neuronlike' cell line, PC12, derived from a rat pheochromocytoma.
MATERIALS AND METHODS

Cell culture
PC12 cells were the kind gift of Dr. J. P. O'Bryan at the University of North Carolina at Chapel Hill. The cells were maintained in DMEM-H medium (Life Technologies, Grand Island, N.Y.) containing 10% horse serum (Hyclone, Logan, Utah) and 5% calf serum (JRH Biosciences, Lenexa, Kans.). Because choline and PtdCho are present in sera, a chemically defined medium was used for both experimental and control groups of cells. Two days before the experiments, cells were 2 Abbreviations: Cer, ceramide; CDP-choline, cytidine diphosphocholine; DAG, diacylglycerol; ET-18-OCH 3, 1-O-octadecyl-2-methyl-rac-glycero-3-phosphocholine; PtdCho, phosphatidylcholine; SM, sphingomyelin; TLC, thin-layer chromatography.
shifted into this defined medium consisting of DMEM/F12 (American Biorganics, Niagara Falls, N.Y.), 100 mg/l transferrin (Intergen, Purchase, N.Y.). 10 mg/l insulin (Sigma, St. Louis, Mo.), 0.378 mg/l triiodothyronine (Sigma), 0.4 mg/l L-thyroxine (Sigma), 0.039 mg/l selenium (Sigma), 16.6 mg/l putrescine (Sigma), 0.62 mg/l progesterone (Sigma), 17.24 mg/l methionine (Sigma), 11.5 mM bovine serum albumin (Intergen), 20 mM oleate (Sigma), and 7.2 mM linoleate (Sigma). Unless specified, PC12 cells were seeded at 5 1 10 5 per 100 mm dish (Falcon, Franklin Lake, N.J.) in medium containing 10% horse serum and 5% calf serum for 24 h. The medium was replaced with the defined medium containing 70 mM choline for 48 h. Cells were then incubated in defined medium with 70 mM choline (control) or without choline for specified periods of time.
Determination of apoptosis
Morphological analysis
Apoptosis was assessed in both attached and detached cells, which were collected and deposited onto glass slides using a cytocentrifuge. Cells were then fixed with methanol, stained with hematoxylin (Fisher, Fair Lawn, N.J.), and mounted with Permount (Fisher). Slides were examined under a light microscope and the percentage of apoptotic cells was determined by counting at least 200 cells in four replicate cultures per treatment. Cells with fragmented nuclei (multiple, small hematoxylinophilic bodies) were defined as apoptotic (4, 23) .
DNA fragmentation (DNA ladders)
Samples (É2110 6 cells) were lysed in 1 ml lysis buffer containing 50 mM Tris (pH 7.4), 10 mM EDTA, 0.5% N-laurosarcosine (Sigma) and incubated for 3 h with 0.5 mg/ml protease K (Boehringer Mannheim, Indianapolis, Ind.) at 65ЊC. Cells were then incubated for 1 h with 24 U/ml DNase-free RNase (Boehringer Mannheim) at 50ЊC. After extraction with an equal volume of phenol/chloroform/isoamylalcohol (25:24:1, v/v) and precipitation with 2 volumes of absolute ethanol, the DNA was resuspended in 100 ml 10 mM Tris buffer (pH 7.4) containing 1 mM EDTA. The DNA concentration was determined by measurement of optical density at 260 nm. Ten micrograms of DNA were subjected to electrophoresis on a 1.2% agarose gel at 100 V for 2 h. DNA was visualized and photographed under UV light after ethidium bromide staining.
Biochemical determinations
Samples were collected at various time intervals after cells had been treated with experimental media. To ensure an equal number of cells in both the experimental and control groups, DNA was measured as a basis for normalization using the fluorometric method described by Labarca and Paigen (24) . To determine whether choline deficiency altered phospholipid levels, cellular phospholipids were assayed after total lipids were extracted using the procedure described by Bligh and Dyer (25) . PtdCho (Rf, 0.37), phosphatidylethanolamine (Rf, 0.43), and SM (Rf, 0.25) were separated by thin-layer chromatography (TLC, chloroform/methanol/40% methylamine, 60:20:5 v/v) and quantitated with a phosphorus assay using both inorganic phosphorus (phosphorus standard solution: Sigma) and authentic phospholipids as standards (26) . Similar results were obtained with either standard. Choline, phosphocholine, and glycerophosphocholine in cell extracts were separated using a high-performance liquid chromatography procedure after addition of Also, [ 2 H-methyl]-labeled internal standards of each metabolite were added to permit correction for recovery after analysis of choline moiety by a gas chromatography/mass spectrometry assay (27) .
To determine the effect of choline deprivation on intracellular levels of Cer and DAG, these lipids were simultaneously extracted and assayed using the radioenzymatic method described by Preiss et al. (28) . Briefly, cells were fixed on the culture dish with 1.5 ml methanol, scraped off the plate, and transferred into a 15 ml centrifuge tube (Falcon). After adding 3 ml of chloroform, the samples were mixed and incubated overnight at 020ЊC. Cell debris was pelleted by centrifugation, further extracted twice with 1 ml chloroform/ methanol (1:1 and 1:2 sequentially), and extracts were combined. We added 1 ml CHCl 3 and 1 ml H 2 O, and the organic phase was separated and dried under N 2 . Cer and DAG were then converted to ceramide-1-[ 32 P]phosphate and phosphatidic acid by Escherichia coli diacylglycerol kinase (CalBiochem, La Jolla, Calif.) and [g-32 P]ATP. The labeled lipids were separated by TLC (Baker, Phillipsburg, N.J., Baker Si250 PA silica gel, chloroform/pyridine/88% formic acid, 60:30:7, v/v). Spots corresponding to authentic ceramide-1-phosphate and phosphatidic acid standards were counted using a radiometric imaging scanner (Bioscan System 200, Washington, D.C.) and quantified using a standard curve of known amounts of Cer and DAG.
Exogenous cell-permeable ceramide and caspase inhibitor experiments
We tested whether added lipid second messengers (cell-permeable Cer or DAG analog) could induce apoptosis in choline-sufficient cells. PC12 cells cultivated in the control medium were exposed to various concentration of C6-Cer (0.5, 1, 5 10, 20 mM; Sigma) or 20 mM dioctanoylglycerol (Sigma). Cells exposed to vehicle (DMSO) only were included as control. Cells were harvested 24 h later and apoptosis was assessed by cell morphology.
We also determined whether the caspase inhibitor, Z-VADfmk (CalBiochem), prevented apoptosis induced by either choline deficiency or ceramide. PC12 cells were grown in defined medium containing 1) 70 mM choline (control); 2) 0 mM choline; 3) 0 mM choline plus 100 mM Z-VAD-fmk; 4) 20 mM C2-ceramide and 70 mM choline; and 5) 20 mM C2-ceramide and 70 mM choline plus 100 mM Z-VAD-fmk. Cells were harvested either 72 (1-3) or 24 h (5, 6) later. Apoptosis was assessed by cell morphology.
Cell rescue experiments
We determined whether there was a specific time period during which choline-deprived cells could be rescued from committing to apoptosis. PC12 cells were incubated in the cholinefree medium for 72 h. These cells were divided into two major groups: one for choline replacement and one for caspase inhibition. Each group was then divided into six subgroups. Choline was added to the choline replacement subgroups at a final concentration of 70 mM after the times indicated (0, 24, 36, 48, 60, or 72 h). Therefore, the subgroup receiving choline at 0 h always grew in choline-sufficient control medium and the 72 h subgroup was choline deprived throughout the entire experimental period.
In the caspase inhibition subgroups, 100 mM Z-VAD-fmk was added at the times indicated (0, 24, 36, 48, 60, or 72 h). Cells were harvested 72 h after switching to choline-free medium. Apoptosis was assessed by cell morphology. DNA fragmentation was also assayed to confirm the presence of apoptosis.
To determine the lipid profiles of rescued cells, PC12 cells were incubated in the choline-free medium for 72 h. Choline or Z-VAD-fmk was added at 36 h after initial choline deprivation to a final concentration of 70 or 100 mM, respectively. Cells grown in choline-sufficient (70 mM) and choline-deficient (0 mM) medium were also included as control. Cells were harvested 72 h after switching to choline-free medium. The intracellular levels of PtdCho, SM, Cer, and DAG were assayed as described above.
Statistics
We used one-way analysis of variance, followed by the Dunnett's critical difference test to determine statistical significance between the treatment groups and control (JMP Version 2, SAS, 1989).
RESULTS
When PC12 cells were cultivated in a chemically defined medium without choline cells stopped growing and/or started dying after 48 h (data not shown). The percentage of cells that were apoptotic (quantified based on morphologic characteristics) in choline-free medium was significantly greater than in control medium (70 mM choline) after 54 h of choline deprivation (5.2{0.3% vs. 1.6{0.6%, Põ0.05; after 72 h, 27.4{0.6% vs. 4.4{1.1%, Põ0.01; Fig. 1 ). The occurrence of apoptosis was also confirmed by presence of DNA ladders (Fig. 1, inset) .
Choline and its metabolites were measured to verify the choline status of these cells. Fig. 2A .) Its concentrations remained low for the rest of the experimental period (decreased by 49% at 72 h; Põ0.01). SM concentrations also decreased, with values at 72 h being 34% lower in choline-deficient cells than in controls (Põ0.01; Fig. 2B ), although the difference was not statistically significant until 72 h of treatment. Phosphatidylethanolamine concentration (Fig. 2C) did not decrease in choline-deficient cells as compared with control cells.
We measured a significant increase in Cer (218% of control) and DAG (155% of control) concentrations (Fig. 3) at 48 h after choline deprivation. Concentrations of Cer and DAG in choline-deficient cells continued to rise throughout the experiment. At 72 h Cer mass in choline-deficient cells increased to 316% of control and DAG mass increased to 230% of control. Although the percentage changes in Cer and DAG after choline deprivation are more dramatic than those seen in phospholipids, the differences in mass were actually smaller than those observed in phospholipids. This was due to the much larger pool of phospholipids in cells as compared to Cer or DAG.
Cer per se should induce apoptosis if it mediates choline deficiency-induced apoptosis. Figure 4 shows that C6-Cer, a cell-permeable Cer analog, induced apoptosis in PC12 cells and the response was dose dependent. When choline-sufficient PC12 cells were exposed to 20 mM C6-Cer for 24 h, 36.8 { 7.5% of cells were apoptotic as compared to 0.9 { 0.2% in controls exposed to vehicle (DMSO; Põ0.01). Exogenous C2-Cer, another cell-permeable analog, also caused a similar effect (31.2{2.3% apoptotic in 20 mM Cer-treated group vs. 2.3{0.3% in control group; Põ0.01). A cell-permeable DAG (20 mM dioctanoylgylcerol) did not induce more apoptosis (1.25{0.4% of cells were apoptotic) than was present in controls.
Caspases, a family of the interleukin 1b-converting, enzyme-like cysteine proteases, are implicated in apoptotic signaling (7) . The caspase inhibitor Z-VADfmk prevents Cer-induced apoptosis (29, 30) . Figure  5 shows that inhibition of caspase proteases using Z-VAD-fmk blocked both choline deficiency-and ceramide-induced apoptosis in PC12 cells.
To estimate the exposure time necessary for choline deprivation to induce apoptosis, we determined the latest time point at which PC12 cells could be rescued from choline-free medium before they were committed to die. When PC12 cells were incubated in choline-free medium for 72 h, replacing choline into the culture medium prevented apoptosis completely as long as it was added sooner than 48 h after initial choline deprivation. Replacement at 48 h and thereafter did not rescue all the cells. The longer the exposure to choline deficiency, the greater the number of cells that were committed to apoptosis (Fig. 6) . For example, in the subgroup where choline was replaced at 60 h, 26% of cells were apoptotic at 72 h as compared with 4.2% in choline-sufficient controls after the same time interval. When choline was replaced at 36 h the rates of apoptosis at 72 h were the same as in controls. Similar results were observed in an experiment where choline-deficient cells were rescued by adding the caspase inhibitor Z-VAD-fmk (Fig.  6) . We then determined whether the rescued cells returned their lipid profiles to the control levels. We found that, at 72 h, the concentrations of PtdCho, SM, Cer, and DAG returned to normal levels in choline-deprived cells rescued by replacing choline at 36 h. Conversely, only Cer and SM, but not PtdCho or DAG, levels were corrected in those cells rescued by adding Z-VAD-fmk (Fig. 7) .
DISCUSSION
We report that choline deficiency-induced apoptosis in PC12 cells was preceded by decreased PtdCho and SM concentrations and by increased Cer and DAG concentrations. Exogenous cell-permeable Cer, but not added DAG, induced apoptosis in PC12 cells. A caspase inhibitor, Z-VAD-fmk, blocked both choline deficiency-and exogenous Cer-induced apoptosis, and there was a critical time period when choline deficiency-induced apoptosis could be aborted by replacing choline or adding a caspase inhibitor. PtdCho, DAG, SM, and Cer levels returned to normal in choline-deprived cells rescued by replacing choline whereas only Cer and SM levels returned to normal in cells rescued by Z-VAD-fmk. Choline -17) ] their brain function changed, resulting in enhanced long-term potentiation in hippocampus (31) and lifelong enhancement of memory and attention (18) (19) (20) (21) (22) 32) . These effects of choline on brain function may be mediated by changes in apoptosis in brain; we reported that the rate of apoptosis in fetal hippocampus was inversely related to the dietary choline intake of the rat dam (12) . Our studies of PC12 cells shed some light on the mechanisms that might be responsible for dietary modulation of apoptosis in brain.
We found that apoptosis in choline-deficient PC12 cells occurred after a decrease in cellular PtdCho concentration and after increases in Cer and DAG concentrations. These observations are consistent with the hypothesis that choline deficiency induces apoptosis by perturbing the metabolism of choline phospholipids and related second messengers.
Intracellular PtdCho concentration has been suggested as a modulator of cell growth and death. PtdCho is essential for normal progression through the cell cycle; its biosynthesis and degradation are coordinated with cell cycle progression (33) . Cells incapable of PtdCho synthesis by the CDP-choline pathway die by apoptosis (29) . Exposure to 1-O-octadecyl-2-methyl-rac-glycero-3-phosphocholine (ET-18-OCH 3 ), a PtdCho synthesis inhibitor, led to cell cycle arrest as well as apoptosis (34) . When lysophosphatidylcholine was added to restore PtdCho synthesis, ET-18-OCH 3 -induced apoptosis was prevented, but its growth arrest effect remained (35) . We previously reported that the rate of apoptosis was inversely correlated with intracellular PtdCho concentration in rat hepatocytes cultivated in various concentrations of choline (36) . We now report that PtdCho concentrations drop before induction of apoptosis in choline-deficient PC12 cells. Therefore, decrease in PtdCho level may be an early event in choline deficiency-induced apoptosis.
DAG can be formed by phospholipase C-mediated hydrolysis of PtdCho (17) or it can accumulate when not utilized to form PtdCho because of the lack of choline moiety. DAG, an activator of protein kinase C (17) , is generally associated with mitogenic signals (17, 37) , and it attenuates ceramide-induced apoptosis (38, 39) . However, DAG also activates acidic sphingomyelinase (40, 41) and contributes to the generation of ceramide originated by Fas/Apo1 (CD95) (42) . Our observations that exogenous DAG did not alter apoptosis and that choline-deficient cells rescued by Z-VAD-fmk still contained high concentrations of DAG suggest that DAG is not the critical messenger responsible for inducing apoptosis in the PC12 cells. We have previously observed elevated DAG concentrations in livers from choline-deficient rats, with concomitant activation of protein kinase C (43) . Perhaps DAG has a similar effect in PC12 cells.
We suggest that Cer mediates choline deficiencyinduced apoptosis based on our observations that 1) Cer concentrations increased before increase in apoptosis; 2) exogenous Cer induced apoptosis; 3) choline deficiency-and Cer-induced apoptosis both involve a caspase; and 4) inhibition of choline deficiency-induced apoptosis is associated with correction of intracellular Cer levels. However, the source for Cer accumulation is not clear. In most described paradigms of apoptosis, Cer generated from SM hydrolysis mediates apoptosis induced by stimuli such as tumor necrosis factor a, ultraviolet radiation, and activation of the CD95 receptor (8, 44) . Also, an increase in de novo ceramide synthesis may induce apoptosis (44a, 44b) . The observation that SM concentration decreased suggests that the Cer accumulation in choline-deficient cells could be derived from sphingomyelin breakdown. In addition to hydrolysis, Cer can be formed via the reversal of the SM synthase pathway (SM/DAG c PtdCho/Cer), which is a less-studied possibility for Cer generation. As Choline-deprived cells rescued by replacing choline returned their PtdCho, SM, Cer, and DAG concentrations to the levels of control cells, but in cells rescued by adding Z-VAD-fmk, only Cer and SM returned to normal. PC12 cells were grown in defined medium without choline for 72 h as described. Choline or Z-VAD-fmk was added to a final concentration of 70 or 100 mM, respectively, at 36 h after initial choline deprivation. Cells were harvested at 72 h. Phospholipids were measured by thin-layer chromatography and a colorimetric assay for phosphorus. Ceramide and diacylglycerol were measured by a radioenzymatic assay. Data represent means { SE, n Å 4/point, **P õ 0.01 different from control.
shown in this study, lack of choline moiety creates a situation in which the product (DAG) of SM synthesis increases while the precursor (PtdCho) decreases, which favors the reversal of SM synthase (transfer of the phosphocholine head group of SM to DAG to generate PtdCho). It is also possible that decreased SM and accumulated Cer observed in choline-deficient cells are the result of diminished SM synthesis due to lack of the phosphocholine donor, PtdCho. We are currently investigating the source of Cer accumulation in choline deficiency.
The observation that Z-VAD-fmk, a broad spectrum caspase inhibitor, blocked both choline deficiency-and Cer-induced apoptosis indicates that these forms of apoptosis are mediated by a deathsignaling pathway that involves at least one caspase protease. Our observations agree with the earlier work showing ceramide induces apoptosis in PC12 cells (29) and with reports that caspase-3 (CPP32) is a downstream messenger in the Cer-mediated apoptosis pathway (30, 45, 46) . Our observation that Z-VAD-fmk blocked choline deficiency-induced Cer generation and prevented the drop in SM concentration suggests that a caspaselike activity is upstream of Cer generation. It has been reported that Cer generation induced by tumor necrosis factor a or Fas activation was suppressed by the caspase inhibitor YVAD-cmk (47) .
Apoptosis initiated by exposure to some cytokines, chemotherapeutic agents, or withdrawal of growth factors often reaches commitment stage within a time course ranging from 4 to 24 h (48). Unlike the above treatments, placing cells in choline-deficient medium may take some time before intracellular choline pools are depleted and a signal cascade is initiated. Our rescue studies (choline replacement and addition of caspase inhibitor) suggest that cells commit to apoptosis approximately 48 h after being switched to a choline-devoid medium. This time point coincides with the timing for decrease in PtdCho and an increase in Cer concentrations. We propose that this may be the time that an irreversible step occurs.
In summary, we examined the mechanism by which choline deficiency induces apoptosis by studying the effect of choline deprivation on choline phospholipids and relevant second messengers. We showed that choline deprivation leads to the generation of a death signal, Cer, and also that the death pathway involves a caspase protease. There was a critical time period beyond which the choline-deprived cells were committed to death, and this time point coincided with when changes in PtdCho, SM, and Cer were observed. The mechanisms that we identified using this model may help us to explain how dietary choline influences brain development.
